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0 Plasma etching apparatus. 

0 A plasma etching apparatus a first cathode elec- 
trode (1), an anode electrode (22), an annular sec- 
ond cathode electrode, a magnetic field applying 
unit (10. 11) and high-frequency power sources. An 
object to be etched (4) is placed on the first cathode 
electrode (1). The anode electrode (22) is ananged 
opposite to the first cathode electrode (1) so as to 
be separated therefrom and connected to a constant 
potential source. The second cathode electrode (20) 
is located between the first cathode electrode (1) 
and the anode electrode (22) and substantially sur- 
rounds the first cathode electrode in an insulated 
state. The magnetic field applying unit includes coils 
(10. 11) which generate lines of magnetic force 
passing through the annular second cathode elec- 
trode (20) substantially parallel to a surface of the 
first cathode elecfrode (1) on which the object to be 
etched (4) is placed. The high-frequency power 
sources are respectively connected to the first and 
second cathode electrodes to generate a plasma by 
gas discharge, thereby generating ions near the first 
and second cathode electrodes. 
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Plasma Etching Apparatus 



Background oi the Invention 

The present invention relates to a plasma etch- 
ing apparatus used in micropatteming in fabrication 
of semiconductor devices. 

In micropatteming in fabrication of semicon- 
ductor devices, plasma etching using a high-fre- 
quency glow discharge of a reactive gas is mainly 
used. In particular, in tfie process requiring high- 
preciiion control of dimensions and shapes, reac- 
tive ion etching (RIE) is mainly used wherein a 
sample (semiconductor wafer) is placed on a catfi- 
ode electrode applied with high-frequency power 
and directional etching is perfonmed with acceler- 
ated ions in a direction perpendicular to an elec- 
trode surface upon biasing of the cathode elecfa-ode 
to a negative voltage. 

RIE etching characteristics change depending 
on types and amounts of radicals produced in a 
gaseous phase and the energy and density of ions 
Inddent on the cathode electi-ode which supports 
an object to be etched. An etching rate in normal 
conditions is a maximum of about several tens of 
nanometers'min. When high-frequency power is in- 
creased to increase the etching rate, ttie amount of 
radicals and an ion Current density are increased, 
and ion energy is also increased, thus degrading 
selectivity with respect to an etching mask and an 
underlying layer and hence damaging semiconduc- 
tor crystals. In order to increase flie throughput, a 
large apparatus capable of processing a large num- 
ber of semiconductor wafers is required. RIE poses 
a problem of etching shape errors caused by dis- 
turtjing tons produced upon collision between ac- 
celerated ions and the neutral gas in an ion sheath 
on the cathode electrode when micropatteming is 
further advanced. 

In order to solve the above problems, a so- 
called magnetron etching apparatus is (proposed to 
increase the tiiroughput by applying a magnetic 
field combined with a high-frequency electric field, 
thereby generating a plasma. An example of the 
magnetron etching apparatus is described in U.S.P. 
No. 4,422.896 issued to Walter K Class et al. A 
similar magnetron etching apparatus is also de- 
scribed in Japanese Patent Laid-Open (Kokai) No. 
57-159026 by Haruo Okano et al. In these ap- 
paratuses, electrons are drifted in a direction per- 
pendicular to the electric and magnetic fields upon 
application of a magnetic field in a direction per- 
pendicular to the high-frequency electric field. As a 
result collision of the electrons with the gas is 
activated, and a discharge plasma density is in- 
creased. Since the density of an ion current sup- 
plied to the sample on the cathode electrode is 



inaeased, the etching rate can be increased to 
about ten times as compared with the conventional 
RIE apparatus. Therefore, the magnetron etching 
apparatus can have a suffidentiy high throughput 
5 even if one substrate is etched, thereby obtaining a 
compact apparatus: 

Another conventionial etching apparatus using a 
coil as a magnetic field applying means is also 
known. An example of tfiis etching apparatus is 
10 described in a Paper "8102 High-Speed Etching". 
Kyungshik Kim et al.. 7th Dry Process Symposium, 
p. 95. 1985. A magnetron etching apparatus using 
a coil is also described in Japanese Patent Laid- 
Open (Kokai) No. 63-17530 by Owen Wilkinson. 
75 As described in Japanese Patent Publication 
No. 12346 and a paper "Double-source Excited 
Reactive Ion Etching and Its Application to Sut>- 
micron Trench Etching". MasaaW Sato and 
Yoshinobu Arita, Extended Abstracts of the l8th 
20 (1986 International) Conference on Solid State De- 
vices and Materials, Tokyo 233 (1986), which de- 
saibe triode plasma etching apparatuses for in- 
dependently controlling tfie ion energy, the current 
density, and the radial concenti-ations. an additional 
25 cafliode is arranged to oppose a cathode electitxle 
on which an object to be etched is placed, and a 
grid comprising a mesh or perforated plate is ar- 
ranged as a common anode electrode between ttie 
cathode electrodes. 
30 Fig. 7 is a schematic view for explaining tfie 
triode plasma etching apparatus. Reference nu- 
meral 21 denotes a vacuum chamber; 9, a vacuum 
pump connected to tfie vacuum chamber 21; 8, a 
gas supply system connected to the vacuum 
35 chamber 21; 1 and 2, first and second catfiode 
electi-odes arranged In the vacuum chamber 21 ; 6 
and 7, high-frequency power sources respectively 
connected to tfie. catfiode electi-odes 1 and 2; 5. 
blocking capacitors arranged between tfie high- 
40 frequency power source 6 and tfie catfiode elec- 
trode 1 and l^etween tfie high-frequency power 
source 7 and tfie cathode electrode 2, respectively; 
3. a grid arranged between Uie catfiode electrodes 
1 and 2; and 4. an object to be etched, which is 
45 placed on tfie cathode electi-ode 1. In tfie tiiode 
plasma etching apparatus, a discharge area op- 
posite to the catfiode electf-bde 2 is divided by ttie 
grid 3 from a discharge area opposite to tiie cath- 
ode electrode 1 on which the object to be etched is 
50 placed. Upon application of high-frequency power 
to the cathode electrode 2. decomposition and 
ionization of tfie gas are accelerated to increase 
the density of active radicals and a plasma density 
of the discharge area of the cathode electrode 1 
which supports the object through the grid 3. 
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Therefore, the amount of ion current supplied to 
the object and the amount of active radicals can be 
inaeased. As compared with the counterelectrode 
type plasma etching apparatus, the etching rate 
can be Increas d to 2 to 4 times. In addition, the 
width of the ion . sheath formed on the surface of 
the object to be etched is decreased with an in- 
crease in ton current density. Therefore, distur- 
bance of the ions caused by collision with gas 
molecules in the ion sheath can be suppressed. 
Therefore, etching in a depth about 10 times the 
width of 0,25 um of a submicron area can be 
performed with high precision. 

In the conventionaJ magnetron RIE apparatus 
using a permanent magnet, the magnetic field gen- 
erated by the permanent magnet is fixed, and 
flexibility of etching conditions is degraded. For 
example, the ion energy and its current density 
cannot be independently controlled. In addition, 
high-precision etching uniformity control cannot be 
perfonmed. In the apparatus using the coil, although 
flexibility of the etching conditions can be improved 
as compared with tfie apparatus using a permanent 
magnet it is difficult to independently control the 
ion energy and its current density. 

In various types of magnetron etching ap- 
paratuses in which magnetic fields are changed as 
a function of time, e.g.. a coil or a permanent 
magnet is physically moved, or a current supplied 
to a coil is changed as a function of time, a change 
in magnetic field is slower than a change in high^ 
frequency electric field as a function of time. This 
causes variations in ion energy and its directivity, 
thus causing element damage and degradation in 
etching shapes. 

In the conventional triode etching apparatus, 
flexibility of the etching conditions is increased, 
and the ion energy and its current density can be 
independently controlled. In addition, discharge 
variations as a function of time can be eliminated, 
so that damage and degradation of etching shapes 
can be eliminated. However, the throughput of the 
triode etching apparatus is not sufficient as com- 
pared with the magnetron etching apparatus due to 
the following reason. The plasma generated in the 
discharge area of the cathode electrode 2 is dif- 
fused to the discharge area of the cathode elec- 
trode 1, and a large amount of the plasma gen- 
erated in the discharge area of the cathode elec- 
trode 2 is not guided to the object 4 but is diffused 
to be recombined. Therefore, even if the high- 
frequency power applied to the cathode electrode 
2 is increased, an increase in density of the ton 
current supplied to the object 4 is saturated. In 
addition, nonuniform etching also occurs by the 
influence of the grid 3. 



Summary of the Invention 

It is an object of the present invention to pro- 
vide a plasma etching apparatus wherein an etch- 
5 ing rate can be increased while good etching char- 
acteristics are maintained. 

It is another object of the present invention to 
provide a plasma etching apparatus wherein uni- 
^ fonmity of a plasma potential on a .surface of a first 
10 cathode electrode can be improved as compared 
with a conventional etching apparatus. 

It is still another object of the present invention 
to provide a plasma etching apparatus* wherein a 
density of an ion current supplied to an object to 
IS be etched can be further increased. 

In order to achieve the above object of the 
present invention, there is a plasma etching ap- 
paratus comprising an anode electrode anranged to 
oppose a first cathode electrode and connected to 
20 a constant voltage, magnetic field applying means 
for applying 3 magnetic field whose lines of mag- 
netic forcfe pass near the first cathode electrode 
and a second cathode electrode, the second cath- 
ode electrode being an annular electrode to sur- 
25 round the first cathode electrode, and high-fre- 
quency power sources respectively connected to 
the first and second catfiode electrodes. 

In a means for enhancing interference between 
discharges generated by the 'high-frec|uency volt- . 
30 age, freqttencies of high-frequency voltages ap- 
plied from the high-frequency power sources to the 
dathode electrodes are set to be equal to' each 
other, and phases of the high-frequency voltages 
applied to the first and second cathode electrodes 
35 are set to be variable. 

In this case, the phase of the high-frequency 
voltage applied to the second catiiode electrode . 
advances from the phase of the high-frequency 
voltage applied to the first cathode electrode by 0 
40 to 1/3 the wavelength. 

The magnetic field applying means comprises 
a first magnetic field generating coil arranged on a 
side of the first cathode electrode which is opposite 
to a side on which the second catiiode electrode is 
45 preset, a second magnetic field generating coil 
arranged on a side of the second cathode elec- 
trode which is opposite to a side on which the first 
cathode electrode is present and coil power sour- 
ces for supplying opposite cunents to tiie first and 
50 second magnetic field generating coils, wherein the 
currents are controlled such that the lines of mag- 
netic force are almost parallel to the first cattiode 
electrode. 

The magnetic field applying means comprises 
55 a first magnetic field generating coil located op- 
posite to the anode electrode and near tfie first 

cathode electrode, a second magnetic field gen- 
erating coil arranged to t>e surrounded by the sec- 
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ond cathode electrode, a third magnetic field gen- 
erating coil anranged to surround the second cath- 
ode electrode, and coil power sources for sup- 
plying currents having the same direction to the 
first and third magnetic field generating coils and a 5 
cun^nt to the second magnetic field generating coil 
in a direction opposite to the first and third mag- 
netic field generating coils. Alternatively, the mag- 
netic field applying means comprises a first mag- 
netic field generating coil located opposite to the w 
ano6e electrode and near the first cathode elec- 
trode, a second magnetic field generating coil ar- 
ranged to surround the first magnetic field generat- 
ing coll and having a diameter larger than that of 
the first magnetic field generating coil, a third mag- is 
netic field generating coil arranged to be surround- 
ed by the second cathode electrode, a fourth mag- 
netic field generating coil arranged to surround the 
second cathode electrode, and coil power .sources 
for supplying cun^ents having the same direction to 20 
the first and fourth magnetic field generating coils 
and currents to the second and third magnetic field 
generating coils in a direction opposite to the first 
and fourth magnetic field generating coils, wherein 
the currents of the power sources are controlled 25 
such that the lines of magnetic force are almost 
parallel to the surfaces of the first and second 
cathode electrodes. 

The anode electrode opposite to the first cath- 
ode electro<;Je is connected to a constant voltage, 30 
and the second cathode electrode is the 'annular 
electrode which sun-ounds the first cathode elec- 
trode, the magnetic field applying means is ar- 
ranged to apply magnetic fields whose lines of 
magnetic force pass near the first and second 3S 
cathode electrodes, so that the density of a plasma 
enclosed by the magnetic fields is increased. In 
addition, since electrons are moved along the lines 
of magnetic force, plasma interference by the high- 
frequency voltages applied to the first and second 40 
cathodes is increased. Since the anode electrode 
connected to the constant voltage is present op- 
posite to the first cathode electrode, uniformity of 
the potential of the plasma enclosed between the 
first cathode electrode and the anode electrode is 45 
improved as compared with the conventional ap- 
paratus. The grid used in the conventional triode 
RIE apparatus to assure uniformity of the plasma 
potential can be omitted. For this reason, the plas- 
ma generated by the high-frequency power applied so 
to the second cathode electrode is effectively guid- 
ed near the first cathode electrode, and the density 
of the ion current applied to the object to be etched 
can be increased. In addition, since the grid is not 
used, slight nonuniformity of the plasma density 55 
which is caused by the presence of the grid can be 
eliminated. 

Since the frequencies of the high-frequency 
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voltages applied ftrom the high-frequency power 
sources to the cathode electrodes are set to be 
equal to each other, the. variations in high-frequen- . 
cy voltages as a function of time, which are applied 
to the first and second cathode electi-odes, can be 
efiminated. The phase of the high-frequency volt- 
age applied to the second cathode electrode Is 
advanced from that applied to the first cathode 
electrode by 0 to 1/3 the wavelength, so that the 
density of the plasma near the object to be etched 
can be increased, and the density of the ion cur- 
rent supplied to 20 the object to be etched can be 
increased. . 

At tills tinr>e, the magnetic field applying means 
comprises the first magnetic field generating coil 
an-anged on a side of the first cathode electrode 
which is opposite to the side on which the second 
cathode electrode is present the second magnetic 
field generating coil arranged on a side of the 
second cathode electrode which is opposite to the 
side on which the first cathode electrode is 
present and the coil power sources for supplying 
cunrents in the opposite directions to the first and 
second magnetic field generating means, so that 
the lines of magnetic force are. almost parallel to 
the surface of the first cathode electrode. The 
direction of the magnetic flux on ttie electrode 
surface is parallel to ttie direction of the electric 
field, so that the electrons are subjected to drift 
motion to turn above the electrode. Collision be- 
tween the electrons and the gas is enhanced to 
increase the plasma density. In addition, since the 
fines of magnetic force pass in the radial direction 
of the object to be etched, mobility of elefctrons in 
the radial direction can be enhanced. Therefore, 
uniformity of the plasma density on the object to 
be etched can be improved. 

Further, in this case, the magnetic field apply- 
ing means comprises the first magnetic field gen- 
erating coil an-anged opposite to the anode elec- 
trode and near the first cathode electrode, the 
second magnetic field generating coil arranged to 
be surrounded by ttie second cathode electrode, 
tiie third magnetic field generating coil ananged to 
sunround the second cathode electrode, and the 
coil power sources for supplying ttie cunents hav- 
ing the same direction to the first and ttiird mag- 
netic field generating coils and a cunent to ttie 
second magnetic field generating coil in a direction 
opposite to tfiat supplied to tfie first and third 
magnetic field generating coils, wherein the cur- 
rents are supplied such ttiat tfie lines of magnetic 
force almost parallel to the first cathode electrode 
are also almost parallel to the second cathode 
electi-ode. The direction of the magnetic flux is 
perpendicular to the direction of the electric field 
on the first and second cathode electfodes. The 
electrons are subjected to drift movement to turn 
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above both the electrodes, and coHision between 
the lectrons and the gas is enhanced. Therefore, 
the plasma density is increased. Since the elec- 
trons are moved along the lines of magnetic force, 
plasma interf rence by the high-frequency voltages 5 
applied to th first and second cathod electrodes 
is inaeased. The phase of the high-frequency volt- 
age applied to the second cathode electrode is 
advanced from that applied to the first cathode 
electrode by 0 to 1/3 the wavelength, so that the to 
plasma density near the object to be etched is 
increased, and the density of the ion cunrent sup* 
plied to the object to be etched is increased. Fur- 
thermore, since the lines of magnetic force pass in • 
the radial direction of the object to be etched, the 75 
etectrons can be easily moved in the radial direc- 
tion. Therefore, the uniformity of the plasma den- 
sity on the object to be etched can be improved. 

The magnetic field applying means comprises 
a first magnetic field generating coil located op- 20 
posite to the ar^ode electrode and near the first 
cathode electrode, a second magnetic field gen- 
erating coil arranged to surround the first magnetic 
field generating coil and having a diameter larger 
than that of the first magnetic field generating coil. 2s 
a third magnetic field generating coil arranged to 
t>e sun-ounded by the second cathode electrode, a 
fourth magnetic tield generating coil arranged to 
surround the second cathode electrode, and coil 
power sources for supplying currents having the 30 
same direction to the first and fourth magnetic field 
generating coils and currents to the second and 
third magnetic field generating coils in a direction 
opposite to the first and fourth magnetic field gen- 
erating coils, wherein the currents of the power 3S 
sources are controlled such that the lines of mag- 
netic force almost parallel to the first cathode elec- 
trode are also almost parallel to the second cath- 
ode eiecfode. The same effect as in the arrange- 
ment having three coils is obtained in this appara- 4o 
tus. However, the arrangement having four coils 
can set so that the lines of magnetic force are 
perfectly parallel to the first and second cathode 
electrodes as compared with the arrangement hav- 
ing three coils, and the plasma density can be 45 
further uniformed. 



Brief Description of the Drawings: 

50 

Fig. 1 is a schematic view showing a plasma 
etching apparatus according to an embodiment of 
the present invention; 

Fig. 2 is a graph showing etching uniformity 
and currents supplied to coils 10 and 11; 55 

Fig. 3 is a waveform chart showing a 
waveform of a high-frequency voltage (Va) applied 
to an ion sheath on a cathode electrode 1. a 



waveform of a high-frequency voltage (Vc) applied 
to a cathode electrode 2, a waveform of a dif- 
ference (Vb) between a potential of a plasma near 
tfie ion sheath on the cathode electrode 1 and a 
potential of a plasma near the ion sheatii on the 
cathode electrode 2 when phases between the 
cathode electrodes 1 and 2 are shifted from each 
other; 

Fig. 4 is a schematic view showing a plasma 
etching apparatus according to another embodi- 
ment of the present invention; 

Fig. 5 Is a schematic view showing a plasma 
etching apparatus according to still another em- 
bodiment of the present invention; 

Rg. 6 is a view showing lines of magnetic 
force when the numbers of coils is two, three, and 
four coils; and 

Fig. 7 is a schematic view showing a con- 
ventional ti'iode plasma etching apparatus. 

Description of the Prefen-ed Embodiments 

Rg. 1 shows a plasma etching apparatus ac- 
cording to an embodiment of the present invention. 
Referring to Rg. 1 . reference numeral 1 0 denotes a 
first magnetic field generating coil arranged on a 
side of a first cathode elecfa-ode 1 which is opposite 
to a side on which a second cathode electrode 20 
Is located; 1 1 , a second magnetic field generating 
coil arranged on a side of the cathode electrode 20 
which is opposite to the side on which the cathode 
electrode 1 is located; and 12 and 13. coil power 
sources for supplying currents to the magnetic field 
generating coils 10 and 11. The magnetic field 
generating coils 10 and 11 and the coil power 
sources 12 and 13 constitute a magnetic field ap- 
plying means. Reference numerals 16 and 17 de- 
note high-frequency amplifiers connected to the 
cathode electrodes 1 and 20, respectively; 18. an 
oscillator connected to the high-frequency amplifi- 
ers 1 6 and 1 7; and 1 9, a phase controller arranged 
between the oscillator 18 and the high-frequency 
amplifier 17. The high-frequency amplifiers 16 and ^ 
17. the oscillator 18, and the phase controller 19 
constitute high-frequency power sources. Refer- 
ence numeral 22 denotes a grounded anode elec- 
trode opposite to the cathode electrode 1; and 20, 
a second cathode electi-ode. i.e., an annular elec- 
trode arranged between the cathode electrode 1 
and the anode electrode 22, In this embodiment 
the second cathode electrode 20 comprises a cy- 
lindrical body. Reference numeral 23 denotes an 
insulating material for insulating the cathode elec- 
trodes 1 and 20 from a ground potential. The 
second cathode and the coils are almost concentric 
with each other. 

An SiOs film formed on a single-crystal Si is 
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etched by the plasma etching apparatus of Rg, 1 
by using an organic resist film pattern as a mask. A 
vacuum chamber 21 is evacuated by a vacuum 
pump 9, and a reactive gas such as CHFa- gas is 
supplied from a gas supply system 8 to the vacu- 5 
um chamber 21 at a flow rate of 50 SCCM to set a 
pressure of the vacuum chamber to be 0.8 Pa. At 
the same time, cun-ents of 9.000 A turn and 4.000 
A turn are supplied from the coil power sources 12 
and 13 to the magnetic field generating coils 10 io 
and 11, respectively. Therefore, a magnetic field 
having a magnetic flux density of several tens to 
several hundreds of gauss on the cathode elec- 
trode 1 and lines of magnetic force which are 
almost parallel to the cathode electrode 1 and pass is 
near the cathode electrode 20 is applied. High- 
frequency powers of 150 W and 200 W having 
frequencies of 13.56 MHz are applied from the 
high-frequency amplifiers 16 and 17 to the cathode 
electrodes 1 and 20. The reactive gas is decern- 20 
posed and ionized to generate a plasma, thereby 
etching an object 4 to be etched. 

In this case, an electric field formed upon ap- 
plication of the high-frequency power to the calh- 
ode electrode 1 is almost perpendicular to the 25 
surface of the cathode electrode 1 near this elec- 
trode. Since the magnetic field has a component 
parallel to the cathode electrode 1. electrons are 
subjected to cyclotron movement around the lines 
of magnetic force and are drifted in a direction, i.e., 30 
the ExB direction, perpendicular to the electric field 
E and the magnetic flux density B. This direction is 
a circularly turning direction along the surface of 
the cathode electrode 1. Therefore, collision be- 
tween the electrons and the gas is enhanced Im- 35 
mediately above the surface of the cathode elec- 
trode 1, thereby increasing the plasma density. In a 
conventional triode RIE apparatus, when a mag- 
netic field is applied to a sample, a plasma poten- 
tial Is set to be a larger negative potential toward 4o 
the center of the cathode electrode 1 in the ab- 
sence of the grid 3, and it is therefore difficult to 
assure etching uniformity. However, in the plasma 
etching apparatus of this embodiment, since the 
anode electrode 22 is arranged opposite to the 45 
cathode electrode 1 and the anode electrode is 
located in a direction in which mobility of electrons 
which are easily moved in the direction of the lines 
of magnetic force is increased. Therefore, the high- 
frequency current is supplied between the cathode so 
electrode 1 and the anode electrode 22. and uni- 
formity of the plasma potential on the surface of 
the cathode electrode 1 can t>e improved. For this 
reason, the grid can be omitted, and slight etching 
nonuniformity can be eliminated. In addition, loss of 55 
the plasma density upon insertion of the grid can 
also be eliminated. Even if the high-frequency pow- 
ers applied to the cathode electrodes are equal to 



each ottier. the plasma density can be Increased, 
and the density of the ion current supplied to the 
object 4 can be inaeased. The etching rate can be 
increased, and variations in ion incidence direction 
can be perfectly suppressed. In addition, ion en- 
ergy can be reduced, and damage to the object 4 
, can be minimized. 

According to experiments of the' present in- 
ventors, when a magnetic field was not applied In 
I etching using the plasma etching apparatus shown 
in Fig. 1.. an etching rate was about 80 nm/min. 
However, when the magnetic field was applied in 
. etching, the etching rate was increased to about 
500 nm/min, A relationship t>etween the cunrents 
supplied to the coils 10 and 11 and etching unl- 
fonnity is shown in Rg. 2. The lines of magnetic 
force were radially spread from the center of the 
cathode electrode 1 upon current control, and the 
density of electrons in the radial direction of the 
electrode could be uniformed. Therefore, etching 
uniformity could fail within the range of ±2% on a 
10-cm wafer. 

In the plasma etching apparatuses shown in 
Fig. 1 , since the frequencies of the high-frequency 
voltages applied to the cathode electrodes 1 and 
20 are equal to each other, an increase In maxi- 
mum ion energy caused by a beat of the two 
frequencies does not occur. In addition, the phase 
of the high-frequency voltage applied to the cath- 
. ode electrode 20 is shifted from that applied to the 
cathode electrode 1, and therefore the interference 
between the discharge cycles of the high-frequen- 
cy voltages applied to the cathode electrodes 1 
and 20 is changed. The plasma density. is changed 
accordingly, and the plasma density distribution 
between the electrodes can be changed. This phe- 
nomenon is caused by an effect of an electron flow 
upon a change in potential distribution in the plas- 
ma and will be described as follows. Fig. 3 shows a 
waveform of a high-frequency voltage (Va) applied 
to the ion sheath on the cathode electrode 1, a 
wavefom) of a high-frequency voltage (Vc) applied 
to the sheath of the cathode electrode 20, and a 
waveform of a difference (Vb) between the plasma 
potential near the ion sheath on the cathode elec- 
trode 1 and the plasma potential near the ion 
sheath on the cathode electrode 20. When no 
phase difference is present ($ = 0). no potential 
difference occurs (Vb = 0). However, when the 
phase of the high-frequency voltage applied to the 
cathode electrode 20 is advanced {e = w/4). the 
phase of the difference Vb is close to thai of the 
voltage Va and is opposite to that of the voltage 
Vc. When motion of electrons is taken into consid- 
eration and the voltage Va is almost equal to the 
potential of the electrode, the difference Vb is 
increased, and the electrons are concentrated on 
the cathode electrode 1. thereby increasing the 
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plasma density near the object to be etched. To 
th contrary, when the phase of the high-frequency 
vottag applied to the cathode electrod 20 is 
lagged {e = -t/4). electrons ar concentrated near 
the cathode electrode 20. and the plasma density 
near the object to be etched is decreased. There- 
fore, when the phase of the high-frequency voltage 
applied to the cathode electrode 20 is slightly 
advanced from the phase of the high-frequency 
voltage applied to the cathode electrode 1. etching 
at a maximum ion current density and a minimum 
ion energy can be performed- According to the 
experiments of the present inventors, when the 
phase of the high-frequency voltage applied to the 
ckthode electrode 20 was advanced from that ap- 
plied to the cathode electrode 1 by 0 to +1/2 
(inclusive) the wavelength, the electrons tended to 
be concentrated on the cathode 1. However, since 
high-firequency interference caused a decrease in 
plasma density upon an increase in phase dif- 
ference as a whole, the wavelength range in which 
an increase in plasma density occurred as com- 
pared with no phase difference was given such that 
the phase of the voltage applied to the cathode 
electrode 20 fell within the range of 0 to + 1/3 the 
wavelength. The plasma density was maximized by 
the interfence between the two high-frequency 
powers in the range of +1/8 to +1/4 the 
wavelength. The phase difference which causes the 
maximum plasma density is changed upon a 
change in ratio of high-frequency powers supplied 
to the two electrodes. More specifically, when the 
high-frequency power supplied to the cathode elec- 
trode 20 is increased, the phase difference which 
causes the maximum plasma density is increased. 

In the above embodiment the cylindrical elec- 
trode is used as the second cathode electrode 20. 

However, if the second cathode electrode 20 
can surround the cathode electrode 1. the shape of 
the second cathode electrode 20 is not limited to 
the cylindrical shape, but can be a polygonal hol- 
low shape, an elliptical shape, or an incomplete 
annular shape if the drift of electrons by E x B has 
a tuming motion. In this case, the same voltage 
need not be applied to the divided portions, and 
the phases of these divided portions need not be 
equal to each other. In the above embodiment the 
pressure of the vacuum chamt>er 21 is set to be 
0.8 Pa. However, the pressure in the vacuum 
chamber 21 may fall within the range of 0.1 to 100 
Pa. CHF3 is used as an etching gas. However, 
other halogen-containing gases or oxygen-contain- 
ing gases may be used and other objects to be 
etched may be employed to obtain the same effect 
as described above. ■ 

In the etching apparatus shown in Rg. 1, two 
coils are used to apply magnetic fields. However, 
other means such as permanent magnets may be 



used to produce a magnetic flux distribution for 
obtaining the same effect as described above. 

Rg, 4 shows another embodiment of the 
present invention. This embodiment employs three 
5 coils. Reference numeral 24 denotes a first mag- 
netic generating coil arranged to oppose an anode 
electrode 22 and near a cathode electrode 1 ; 25. a 
second magnetic field generating coil arranged to 
be surrounded by a cathode electrode 20; 26, a 
10 thinj magnetic field generating coil arranged to 
surround the cathode electrode 20; and 27, 28, and 
29, coil power sources for supplying currents to the 
magnetic field generating coils 24. 25, and 26. The 
magnetic field generating coils 24. 25. and 26 and 
IS the coil power sources 27, 28. and 29 constitute a 
magnetic field applying means. In tfiis case, the 
currents having the same direction are supplied to 
tiie magnetic field generating coils 24 and 26, and 
an opposite current is supplied to the magnetic 
20 field generating coil 25. Fig. 5 shows still another 
embodiment using four coils. Reference numeral 
30 denotes a first magnetic field generating coil 
arranged opposite to an anode electrode 22 and 
near a cathode electrode 1: 31. a second magnetic 
25 field generating coil arranged to surround a catfi- 
ode electrode 20 and having a diameter larger than 
that of the first magnetic field generating coil 30; 
32. a tiiird magnetic field generating coil anranged 
to be sunrounded by the catiiode electrode 20; 33. 
30 a fourth magnetic field generating coil arranged to 
sunround the cathode electrode 20; and 34. 35. 36. 
and 37, coil power sources for supplying currents 
to the magnetic field generating coils- 30. 31. 32. 
and 33. The magneti'c field generating coils 30, 31 . 
35 32. and 33 and the coil power sources 34, 35, 36, 
and 37 constitute a magnetic field applying means. 
In this case, a current having ttie same direction is 
supplied to the magnetic field generating coils 30 
and 33. and a current having a direction opposite 
40 to that of the coils 30 and 33 is supplied to the 
magnetic field generating coils 31 and 32. 

The lines of magnetic force from the two coils 
(the embodiment in Rg. 1). tfie tinree coils (the 
emtKXitment in Rg. 4), and the four coils (the 
45 emtx)diment in Rg. 5) are shown in Figs. 6(a). 6(b). 
and 6(c), respectively. In the arrangement having 
two coils, the lines of magnetic force passing par- 
allel to the electrode surface near the cathode 
electrode 20 cross the cathode electrode 1. How- 
50 ever, in the arrangement having three or four coils, 
the lines of magnetic force passing parallel to the 
electrode surface near the cathode electrode 20 
can also be parallel to the surface of the cathode 
electrode 1 . In particular, in the arrangement having 
55 the four coils, the values of currents supplied to the 
coils can be optimized, and the parallel relationship 
between the lines of magnetic force and the cath- 
ode electrode 1 can be further improved. When a 
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magnetic field whose lines of magnetic fore pass- 
ing parallel to the surfaces of the first and second 
electrodes 1 and 20 is appGed, electrons are sub- 
jected to drift motioo to turn aimost parallel to the 
surface of the cathode electrode 20. so that the 
discharge is of a magnetron type. Therefore, colli- 
sion t>etween the electrons and the gas is en- 
hanced to increase the plasma density. In addition, 
the* electrons are subjected to the turning drift 
motion with respect to the center of the cathode 
electrode 1, so that discharge on the surface of the 
cathode electrode 1 is of a magnetron type. There- 
fore, the plasma density can be increased. Further- 
more, since the Imes of magnetic force pass near 
the cathode electrodes 1 and 20, the interference 
between the discharge cycles by the high-frequen- 
cy voltages applied to the respective cathode elec- 
trodes can be enhanced. When the phase of the 
high-frequency voltage applied to the cathode elec- 
trode 20 is advanced from that applied to the 
cathode electrode 1 by 0 to 1/3 the wavelength, the 
plasma density near the cathode electrode 1 can 
be further increased. The density of the Ion current 
supplied to the object 4 to be etched can be 
increased accordingly. The etching rate can there- 
fore be increased. According to the experiments of 
the present inventors, etching uniformity is closely 
associated with the parallel relationship between 
the lines of magnetic force passing near the cath- 
ode electrode 1 and its surface. Etching uniformity 
can be improved when the parallel relationship has 
higher precision. Therefore, the etching conditions 
for better unifonnity can be easily obtained when 
the four coils which achieve the better parallel 
relationship are used. 

When the plasma etching apparatus according 
to the present invention is used In the fabrication 
process of semiconductor devices, etching of 
smaller micropatteming width than the widths ob- 
tained by the conventional process can be per- 
formed with a high throughput In addition, damage 
to the semiconductor devices can be reduced, the 
manufacturing cost of semiconductor devices can 
t>e reduced, and the perfomnance of the semicon- 
ductor devices can be remarkably improved. 

The anode electrode opposite to the first cath- 
ode electrode is connected to a constant voltage, 
and the second cathode electrode is the annular 
electrode which surrounds the first cathode elec- 
trode. The magnetic field applying means is ar- 
ranged to apply magnetic fields whose lines of 
magnetic force pass near the first and second 
cathode electrodes, so that the density of a plasma 
enclosed by the magnetic fields is increased. In 
addition, since electrons are moved along the lines 
of magnetic force, plasma interference by the high- 
frequency voltages applied to the first and second 
cathodes is increased. The plasma density can be 



increased. Since the high-frequency power to be 
. applied to the first cathode electrode, is increased 
while the ion nergy is kept tow, an etching rate 
can b. increased while good etching characteris- 

5 tics are maintained. Since the anode electrode con- 
nected to the constant voltage is present opposite 
, to the first cathode electrode/ uniformity of the ' 
potential of the plasma enclosed between the first . 
cathode electrode and the anode electrode is im- 

10 proved as compared with the conventional appara- 
tus. The grid used in the conventional triode RIE 
apparatus to assure unifonmity of the plasma poten- 
. tial can be omitted. For this reason, the plasma 
generated by the high-frequency power applied to 

15 the second cathode electrode is effectively guided 
near the first cathode electrode, and the density of 
the ion cunrent applied to the object to be etched 
can be Increased. In addition, since the grid is not 
used, slight noriuniformity of the pl^ma density 

20 which is caused by the presence of the grid can be 
eliminated. Therefore, etching uniformity can be 
improved. 

Since the frequencies of the high-frequency 
voltages applied from the high-frequei;icy power 
25 sources to the cathode electrodes are set to be 
equal to each other, the variation^ In high-frequeri- 
cy voltages as a function of time, which are applied 
to the 'first and second cathode electrodes, can be 
eliminated. The phase of tfie high-frequency volt- 
30 age 'applied to the second cathode electrode is 
advanced from that applied to the first cathode 
electrode by 0 to 1/3 the wavelength, ^o that the 
density of the plasma near the object to be etched 
can be increased, and the density of .the ion cur- 
35 rent supplied to the object to be etched can be 
increased. Therefore, the etching rate can be' fur- 
ther increased. 

At this time, the magnetic field applying means 
comprises the first magnetic field generating coil 
40 arranged on a side of the first cathode electrode 
which is opposite to the side on which the second 
cathode electrode is present the second magnetic 
field generating coil arranged on a side of the 
second cathode electrode which is opposite to the 
45 side on which the first cathode electrode is 
present, and the coil power sources for supplying 
currents in the opposite directions to the first and 
second magnetic field generating means, so that 
the lines of magnetic force are almost parallel to 
so the surface of the first cathode electrode. The 
direction of the magnetic flux on the electrode 
surface is parallel to the direction of the electric 
field, so that the electrons are subjected to drift 
motion to turn above the electrode. Collision be- 
55 tween the electrons and the gas is enhanced to 
increase the plasma density, and a high etching 
rale can be obtained. In addition, since the lines of 
magnetic force pass in the radial direction of the 
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object to be etched, and mobility of electrons in the 
radiai direction can be enhanced. Therefore, uni- 
formity of the plasma density on the object to b 
etch d can be improved, and etching unifonmity 
can be further improved. 5 

Further, in this case, the magnetic field apply- 
ing means comprises the first magnetic field gen- 
erating coil arranged opposite to the anode elec- 
trode and near the first cathode electrode, the 
second magnetic field generating coil arranged to 10 
be surrounded by the second cathode electrode, 
the third magnetic field generating coil arranged to 
surround the second cathode electrode, and the 
coil power sources for supplying the currents hav- 
irtg the same direction to the first and third mag- 1$ 
netic field generating coils and a current to the 
second magnetic field generating coil In a direction 
opposite to that supplied to the first and second 
magnetic field generating coils, wherein the cur- 
rents are supplied such that the lines of magnetic 20 
force almost parallel to the first cathode electrode 
are also almost parallel to the second cathode 
electrode. The direction of the magnetic flux is 
perpendicular to the direction of the electric field 
on the first and second cathode electrodes. The 25 
electrons are subjected to drift movement to turn 
above both the electrodes, and collision between 
the electrons and the gas is enhanced. Therefore, • 
the plasma density is increased. Since the elec- 
trons are moved along ttie lines of magnetic force, 30 
plasma interfence by the high-frequency voltages 
applied to the first and second cathode electrodes 
is increased. The phase of the high-frequency volt- 
age, applied to the second cathode electrode is 
advanced from that applied to the first cathode as 
electrode by 0 to 1/3 the wavelength, so that the 
plasma density near the object to be etched Is 
increased, and the density of the ion current sup- 
plied to the object to be etched is increased. 
Therefore, a higher etching rate can be obtained. 40 
Furthermore, since the lines of magnetic force pass 
in the radial direction of the object to be etched, 
the electrons can be easily moved in the radiai 
direction. Therefore, the uniformity of the plasma 
density on the object to be etched can be im- 45 
proved, and high etching uniformity can be ob- 
tained. 

The magnetic field applying means comprises 
a first magnetic field generating coil located op- 
posite to the anode electrode and near the first so 
cathode electrode, a second magnetic field gen- 
erating coil arranged to surround the first magnetic 
field generating coif and having a diameter larger 
than that of the first magnetic field generating coil, 
a third magnetic field generating coil arranged to 55 
be surrounded by the second cathode electrode, a 
fourth magnetic field generating coil arranged to 
surround the second cathode electrode, and coil 



power sources for supplying currents having th 
same direction to the first and fourth magnetic field 
generating coils and cunrents to the second and 
third magnetic field generating coils in a direction 
opposite to the first and fourth magnetic field gen- 
erating coils, wherein the currents of the power 
sources are controlled such that the lines of mag- 
netic force almost parallel to the first cathode elec- 
trode are also almost parallel to the second cath- 
ode electrode. The same effect as in the arrange- 
ment having three coils is obtained. However, the 
arrangement having four coils can set so that the 
lines of magnetic force are periectiy parallel to tiie 
first and second cathode electrodes as compared 
witfi the arrangement having three coils, and the 
plasma density can be further uniformed. There- 
fore, high etching uniformity can be easily ob- 
tained. 

According to the present invention, the mag- 
netic field is basically a static field and does not 
accompany variations as a function of time. Vari- 
ations in ion energy and direction of Ions which are 
caused by variations in magnetic field do not oc- 
cur. Therefore, damage to the object to be etched 
can be minimized. In addition, etching having ex- 
cellent etching shape precision with good direc- 
tivity can be performed at a high throughput. 

In tfie plasma etching apparatus of the present 
invention, the high-frequency powers respectively 
applied to the first and second catfiode electrodes 
and the degree of Interference between the dis- 
charge cycles of the high-frequency voltages are 
adjusted to arbitrarily control the ion energy in- 
cident on the object to be etched, the current 
density, and the radical concentrations, thereby 
easily obtaining optimal etching conditions. 

As is apparent from the above description, the 
present invention provides the above remarkable 
advantages and effects. 



Claims 

1. A plasma etching apparatus comprising: 
a first cathode electrode on which an object to be 
etched is placed; 

an anode electrode arranged opposite to said first 
cathode electrode so as to be separated therefrom 
and connected to a constant potential source; 
an annular second cathode electi^ode located be- 
tween said first cathode electrode and said anode 
electrode and substantially surrounding said first 
cathode electrode in an insulated state: 
magnetic field applying means for generating lines 
of magnetic force passing tiirough said annular 
second cathode electrode substantially parallel to a 
surface of said first cathode electrode on which (he 
object to be etched is placed: and 
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high-frequency power sources, respectively con- 
nected to said first and second cathode electrodes, 
for generating a plasma by gas discharge, thereby 
generating Ions near, said first and second cathode 
electrodes. 

2. An apparatus according to claim 1, wherein 
frequendes of high-frequency voltages respectively 
applied from said high-frequency power sources to 
said first and second cathode electrodes are equal 
to each other, and said apparatus further comprises 
means for varying phases of the high-frequency 
voltages applied to said first and second cathode 
electrodes. 

3. An apparatus according to claim 2. wherein 
said phase varying means advances a phase of the 
high-frequency voltage applied to said second 
cathode electrode from that of the high-frequency 
voltage applied to said first cathode electrode by 0 
to 1/3 the wavelength. 

4. An apparatus according to claim 1. wherein 
said magnetic field applying means includes a plu- 
rality of ring-like coils, said ring-like coils being 
arranged to be coaxial witii said second cathode 
electrode. 

5. An apparatus according to dam 4, wherein 
said magnetic field applying means comprises a 
first magnetic field generating coil arranged on a 
side of said first cathode electrode which is op- 
posite to a side on which said second cathode 
electrode is present a second magnetic field gen- 
erating coil arranged on a side of said second 
cathode electrode which is opposite to a side on 
which said first cathode electrode is present, and 
coil power sources for supplying opposite cun-ents 
to said first and second magnetic field generating 
coils. 

6. An apparatus according to claim 1. wherein 
said magnetic field applyir^g means generates a 
magnetic field whose lines of magnetic force are 
substantially parallel to surfaces of said first and 
second cathode electrodes. 

7. An apparatus according to claim 6, wherein 
said magnetic field applying means comprises a 
first magnetic field generating coil arranged op- 
posite to said anode electrode and near said first 
cathode electrode, a second magnetic field gen- 
erating coll arranged to be surrounded by said 
second catiiode elect-ode, a Uiird magnetic field 
generating coil arranged to surround said second 
cathode electrode, and coil power sources for sup- 
plying currents having the same direction to said 
first and third magnetic field generating coils and a 
current to said second magnetic field generating 
coil in a direction opposite to that supplied to said 
first and third magnetic field generating coils. 

8. An apparatus according to claim 6. wherein 
said magnetic field applying means comprises a 
first magnetic field generating coll arranged op- 
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posHe to said anode electrode and near said first 
cathode electrode, a second magnetic field gen- 
erating coil an^nged to sumound said first mag- 
netic field generating coil and having a diameter 
larger than that of said first magnetic field generat- 
ing coll, a third magnetic fieW generating cdl ar- 
ranged to be surrounded by said second cathode 
electrode, a fourth magnetic field generating coil 
anranged to surround said second cathode elec- 
trode, and coil power sources for supplying cur- 
rents having (he same direction to said first and 
fourth magnetic field generating coils and currents 
to said second and third magnetic field generating 
coils in a direction opposite to that supplied to said 
first and fourth magnetic field generating cdls. 
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